We have obtained spectra of 135 H II regions located in the inner and extended disks of the spiral galaxies NGC 1512 and NGC 3621, spanning the range of galactocentric distances 0.2 -2 × R 25 (from ∼2-3 kpc to ∼18-25 kpc). We find that the excitation properties of nebulae in the outer (R > R 25 ) disks are similar to those of the inner disks, but on average younger H II regions tend to be selected in the bright inner disks. Reddening by dust is not negligible in the outer disks, and subject to significant large-scale spatial variations. For both galaxies the radial abundance gradient flattens to a constant value outside of the isophotal radius. The outer disk O/H abundance ratio is highly homogeneous, with a scatter of only ∼0.06 dex. In the case of the interacting galaxy NGC 1512 we find a number of H II regions with peculiar metallicity for their radius, a result which can be interpreted by gas flows activated by the gravitational encounter with NGC 1510. Based on the excitation and chemical (N/O ratio) analysis we find no compelling evidence for variations in the upper initial mass function of ionizing clusters of extended disks. The O/H abundance in the outer disks of the target galaxies corresponds to ∼35% of the solar value (or higher, depending on the metallicity diagnostic). This agrees with our earlier measurements in M83 and NGC 4625, and conflicts with the notion that metallicities in extended disks of spiral galaxies are low and on the order of ∼0.1×Z . We show that, in general, the observed metal enrichment cannot be produced with the current level of star formation, even if the latter extends over a Hubble time. We discuss the possibility that metal transport mechanisms from the inner disks lead to metal pollution of the outer disks. Gas accretion from the intergalactic medium, enriched by outflows, offers an alternative solution, justified within the framework of hydrodynamic simulations of galaxy evolution. Specific model predictions of the chemical enrichment and the flat gradients in extended disks of nearby galaxies will be valuable to discriminate between these different scenarios.
INTRODUCTION
Optical and far-UV observations reveal that a large fraction of star forming galaxies in the local Universe harbor significant levels of recent star formation in their extended disks, in the form of young star clusters (ages < 1 Gyr: Dong et al. 2008; Herbert-Fort et al. 2009 ) distributed well beyond the optical edges of the disks (Gil de Paz et al. 2005; Zaritsky & Christlein 2007; Thilker et al. 2005 Thilker et al. , 2007 Lemonias et al. 2011) . This discovery has prompted several recent studies (e.g. Boissier et al. 2007; Bigiel et al. 2010b; Goddard et al. 2010; Alberts et al. 2011) concerning the conversion of gas into stars in a poorly explored galactic environment, characterized by low gas densities, long dynamical timescales, and presumably a lower chemical enrichment compared to the inner disks of galaxies. Remarkably, also a number of earlytype galaxies, which are generally quiescent in terms of star formation, have been found to host UV-emitting star clusters in their outskirts (Salim & Rich 2010; Thilker et al. 2010; Moffett et al. 2011) , and thus appear to be experiencing a 're-juvenation' in their extended disks.
A variety of mechanisms can be invoked for the assembly of the large H I envelopes observed around outer disk host galaxies, providing the raw material for the formation of new stars, and restructure the gas distribution into the observed extended, star forming disks. Among these are tidal interactions, mergers, bar-induced gas flows and gas accretion from the intergalactic medium. In particular, 3/4 of the Type 1 UV disks defined by Thilker et al. (2007) display signatures of recent or ongoing gravitational encounters. However, the processes that trigger and sustain the star forming activity in outer disks are not always obvious, and still poorly understood in the case of isolated galaxies. Once the gas reservoir is in place, spiral density waves are thought to be able to propagate from the inner into the outer disks (Bertin & Amorisco 2010) and trigger star formation in overdensities of the gas distribution (Bush et al. 2008 (Bush et al. , 2010 , even if the spatially-averaged gas density remains below the critical value for gravitational instability (Dong et al. 2008) . However, this is unlikely to be the only process involved in the generation of extended UV disks, even for isolated galaxies, because the phenomenon is also observed around dwarf galaxies (Hunter et al. 2011) , where spiral arms are generally absent.
The star forming activity in extended disks proceeds with a very small efficiency, with values of the star formation rate surface density that are one to two orders of magnitude smaller than those observed in the inner disks, with depletion timescales that are on the order of 10 11 years (Bigiel et al. 2010b) . Under these conditions a very slow buildup of metals can be reasonably anticipated, but the present-day oxygen abundances measured in outer disks seem to contrast this expectation. In the few detailed studies of the chemical composition of the interstellar medium (ISM) of extended disks carried out so far from H II region spectroscopy, typical O/H values corresponding to at least 0.3 -0.4 times the solar value 2 are found (Bresolin et al. 2009b; Goddard et al. 2011; Werk et al. 2011 ), which are difficult to reconcile with the significantly lower metallicities predicted by simple models of galactic evolution for systems that, like extended disks, have extremely high gas fractions (> 90%). In addition, these pioneering studies have also found that beyond the isophotal radii (R 25 ) the metallicity radial distribution flattens to a virtually constant value, irrespective of the galactocentric distance, in contrast with the negative exponential radial abundance gradients present at smaller distances. This behavior has also been seen in the old stellar populations (Vlajić et al. 2009 ).
Various processes of angular momentum redistribution and gas mixing in galaxy disks have been invoked to explain these observations, including resonance scattering with transient spirals (Roškar et al. 2008b ) and spiral-bar resonance overlap (Minchev & Famaey 2010) . Alternatively, Salim & Rich (2010) and Lemonias et al. (2011) , among others, have argued that the gas that provides the raw material for the ongoing star formation in extended disks results from cold-mode accretion, as predicted by cosmological simulations (Kereš et al. 2005; Dekel & Birnboim 2006; Ocvirk et al. 2008 ). This idea, however, contrasts with the low metal content expected for the infalling gas. In order to explain the relatively high metallicity found for the ISM of the outer disks we would also need to consider a mechanism similar to the enriched infall scenario predicted by simulations involving wind recycling (Oppenheimer & Davé 2008; Davé et al. 2011b) . We can of course envision a combination of internally-and externallydriven processes to enrich and homogenize the ISM at large galactocentric distances.
Measuring chemical abundances is of primary importance in the study of outer disks, in order to provide observational tests for the mechanisms mentioned above, and to understand whether extended disks truly represent young, chemically unevolved portions of galaxies, as implied by the inside-out disk growth paradigm (Matteucci & Francois 1989; Boissier & Prantzos 1999; Naab & Ostriker 2006) , and whether secular processes, too, affect the radial distribution of metals in the external regions of galaxies.
While only the youngest stellar clusters, still containing short-lived massive ionizing stars, produce a measurable emission line spectrum, the optical spectroscopy of the associated ionized gas provides a unique probe into the present-day metallicity of outer galactic disks. In this paper we continue our exploration of the chemical abundances of the faint H II regions located in the extended disks of nearby spiral galaxies. In Bresolin et al. (2009b) and Goddard et al. (2011) we presented a chemical abundance analysis of the prototypical outer disk galaxies M83 and NGC 4625, respectively. Here we apply the same multi-object spectroscopic technique to obtain the chemical abundances of a large number of H II regions in the outer disks of the southern hemisphere galaxies NGC 1512 and NGC 3621. Our radial coverage extends from the inner disk (∼0.2 × R 25 ) out to ∼2 × R 25 (19 -25 kpc) for both galaxies. The comparison of their chemical properties is of particular interest, because while NGC 3621 is a bulgeless, isolated spiral, NGC 1512 represents, together with its companion NGC 1510, an interacting system. Therefore, while both galaxies display a multitude of UV-bright clusters and H II regions in their extended disks, their origin and chemical properties can in principle differ, since different mixing processes could be at work. Further details about the two galaxies are introduced in Section 2, together with a description of our observations and the data reduction. In Section 3 we provide an account of the excitation properties of our H II region sample. The chemical abundances and the radial abundance gradients are derived in Section 4. Our interpretation of the results obtained in this work, and more generally in our project on extended disks, in terms of metal mixing and enriched accretion, follows in Section 5. We summarize our results and conclusions in Section 6.
OBSERVATIONS AND DATA REDUCTION
In this section we first provide a brief description of the properties of the two galaxies investigated in this paper that are relevant for our analysis. The observations and the data reduction are presented next.
2.1. The target galaxies NGC 1512 -This galaxy and its companion, the blue compact dwarf NGC 1510 (5 or ∼13.8 kpc to the SW), are a well-known interacting pair. The tidal interaction is likely responsible for the nuclear hotspot ring, the bar structure, the larger inner ring knotted with H II regions (hence the SB(r) morphological classification), and the star forming activity seen in the asymmetric, filamentary outer spiral arm structure, composed of a large number of UV-bright clusters and H II regions (Kinman 1978; Hawarden et al. 1979; Thilker et al. 2007 ; see Fig. 1 ). The ongoing star formation in the compact NGC 1510 has also likely been triggered by the interaction. Evidence for tidally stripped material can be found in the zone between the two galaxies and in the wispy filaments to the NW of the pair. Koribalski & López-Sánchez (2009) made a detailed investigation of the extended H I envelope discovered by Hawarden et al. (1979) , and discovered two tidal dwarf galaxy candidates at galactocentric distances between 64 kpc and 80 kpc. The spatial extent of the H I distribution (∼55 kpc in radius) is comparable to what is seen in other extended disk galaxies, such as M83. The hydrodynamical simulations of the galaxy pair by Chakrabarti et al. (2011) indicate a mass ratio of 1:50. A dynamical mass for NGC 1512 of 3 × 10 11 M was measured by Koribalski & López-Sánchez (2009) . These authors have also found a good spatial correlation between the H I emission and the distribution of UV clusters in the Galaxy Evolution Explorer (GALEX) images, with the clusters located at the peaks of the gas column density. Star formation occurs near the local critical density (Kennicutt 1989) . Hα images of NGC 1512 (and also NGC 3621) show that the spatial extent of the H II region distribution is similar to that of the extended UV disk.
FIG. 1.-Near-UV GALEX image of NGC 1512, identifying the target H II regions. The ellipse represents the projected circle with radius equal to the isophotal radius R 25 . The companion galaxy NGC 1510 is identified in the south-west direction. The wedge-shaped area delimited by the blue lines marks the 'tidal bridge' between NGC 1510 and NGC 1512. Regions numbered from 53 to 57 are located along this feature. The inset shows the inner 3. 2 of the galaxy from the continuum-subtracted SINGG (Meurer et al. 2006 ) Hα image. Region numbers correspond to those given in Table 5. NGC 3621 -The GALEX and Hα images (the latter is shown in Fig. 2) show a rather regular spiral structure extending out to a large galactocentric distance, and contained within the 34 × 7 kpc H I envelope (Koribalski et al. 2004 ). This galaxy is less massive than NGC 1512, with a dynamical mass of 2 × 10 10 M (de . NGC 3621 appears to be isolated (Kraan-Korteweg & Tammann 1979) . While the H I velocity maps suggest past interactions (Thilker et al. 2007 ), rotation in a warped disk offers an alternative explanation ). An analysis of GALEX and Spitzer images of the outer disk of this galaxy is presented by Alberts et al. (2011) , who derived cluster ages between 1 Myr and 1 Gyr. Table 1 summarizes the main properties of the target galaxies used for this study. The center coordinates, as well as the positions of the individual H II regions, were measured from astrometrically calibrated Hα images obtained by the SINGG (Meurer et al. 2006) and SINGS (Kennicutt et al. 2003b ) projects for NGC 1512 and NGC 3621, respectively (the preimaging data described below were used to measure the coordinates of a few H II regions not included in the SINGG Hα image of NGC 1512). For NGC 3621 we adopted the Cepheid distance given by Freedman et al. (2001) , while for NGC 1512 the distance has been derived, following Korib- Koribalski & López-Sánchez (2009 , see also Hawarden et al. 1979 , which agree with the optical measurements by Buta (1988) and Dicaire et al. (2008 Kennicutt et al. 2003b) , identifying the target H II regions. The ellipse shows the projected circle with radius equal to the isophotal radius R 25 . Region numbers correspond to those given in Table 6 . included in Table 1 have been collected from de Vaucouleurs et al. (1991) and the HyperLeda database (Paturel et al. 2003) .
Observations and data reduction
We obtained optical spectroscopy of H II region candidates with the Focal Optical Reducer and Spectrograph (FORS2) attached to the 8 m-aperture Antu unit of the European Southern Observatory (ESO) Very Large Telescope on Cerro Paranal. The observations were carried out in service mode between November 2009 and March 2010. The targets for the multiobject spectroscopy were selected from narrow-band Hα preimaging data taken with the same instrument. The instrument setup was the same one we used in our study of the outer disk H II regions of M83 (Bresolin et al. 2009b) . Masks were cut with 1-arcsec wide slits. The 600B grism with a central wavelength of 4650 Å provided coverage of the blue spectral range (∼3600-5200 Å, at 4.5 Å FWHM spectral resolution), while the 1200R grism and a central wavelength of 6500 Å allowed us to cover the region around Hα, [N II] λλ6548, 6583 and the [S II] λλ6717, 6731 lines with a spectral resolution of 2.4 Å.
The targets are distributed in four 6. 8 × 6. 8 FORS2 fields in NGC 1512, and in three fields in NGC 3621. H II regions in both the inner and outer disks were included in the slit masks, to ensure a wide radial coverage for the resulting nebular chemical abundance gradient. In the final selection of the target H II regions we accounted for both the Hα brightness and the spatial distribution, observing some of the brightest H II regions in the outer disks, but including several fainter ones in order to fill the slit maks. The exposure times adopted were 6×940 s and 6×970 s for the blue exposures in NGC 1512 and NGC 3621, respectively. In the red 3×667 s exposures were used. For the easternmost field of NGC 1512 no red exposure could be obtained during the time allocated for this program. Therefore, for 10 targets in NGC 1512 the Hα, [N II] and [S II] flux information is unavailable. We also secured spectra of the spectrophotometric standard stars LTT 1788 and LTT 3864, in addition to those included in the Paranal Observatory calibration plan, in order to determine the instrumental spectral response.
The raw data were reduced with the EsoRex pipeline provided by ESO. This first step of the data reduction yielded wavelength-calibrated, two-dimensional spectra for each individual target. The final extractions and the flux calibration were obtained with standard IRAF 3 routines. The emission line intensities were then measured with the non-interactive fitprofs program, by fitting one-dimensional gaussian profiles to the most important spectral features. The line intensity errors were estimated by accounting for both the uncertainty in placing the continuum level, as provided by the rms in regions adjacent to the emission lines, and the photon statistics.
A number of targets were removed because they were either too faint to provide useful line emission information, or they were found to be background galaxies. In addition, we excluded from our analysis four objects (two in each galaxy) that we classified as supernova remnants (SNRs) from the strength of their [O I] and [S II] lines relative to Hα. In NGC 3621 we also identified three emission-line star candidates, whose spectra are characterized by broad Hα lines, similar to those identified in the first stellar spectroscopic study of this galaxy by Bresolin et al. (2001) . The coordinates of these objects and of the SNRs are reported in Table 2 .
Our final sample comprises 62 and 73 H II regions in NGC 1512 and NGC 3621, respectively. Their celestial coordinates are presented in Appendix A (Tables 5 and 6 ), where the targets are listed in order of decreasing declination, while their spatial distributions are shown in Fig. 1 and Fig. 2 the value of the interstellar reddening from the Balmer decrement, and the strongest Balmer lines present in the blue spectral range (Hβ, Hγ and Hδ) were used for this purpose, adopting the Seaton (1979) extinction curve. We accounted for the effects of underlying stellar absorption, by requiring that the Hγ/Hβ and Hδ/Hβ ratios provided the same value for the extinction coefficient. In the few cases (∼ 6% of the sample) where Hδ was too faint to be measured reliably, we assumed an equivalent width of 2 Å for the absorption component.
The line fluxes to Hβ = 100 we assumed Hα = 286, which is valid for case B emission at 10 4 K. The two tables also report the c(Hβ) values, and the total, extinction-corrected Hα fluxes, obtained from the fluxcalibrated narrow-band images used for the astrometry (a correction for the [N II] contamination to the emission measured by the narrow-band filters was evaluated from our spectra).
We found that in the outer disks of the two galaxies studied here the extinction is not negligible (we note that the foreground reddening values according to Schlegel et al. 1998 are quite small, E(B−V) = 0.011 and 0.08 for NGC 1512 and NGC 3621, respectively). Outer disks are therefore not dustfree, a result that is supported by the relatively high oxygen abundance we find (Section 4). We also find that the extinction is variable on large spatial scales. In particular, in the eastern outer arm of NGC 1512 the median extinction value is c(Hβ) = 0.34, while on the opposite side of the galaxy it is essentially zero. A similar asymmetry is present in NGC 3621, where the northern outer arm appears less dusty than the southern one. For the latter the section extending between regions 59 and 71 has a median c(Hβ) = 0.37, peaking at a value around 0.50 in the arm section between regions 59 and 65 (separated by 1.8 kpc in projection). Fig. 3 shows the spatial distribution of the c(Hβ) values across the disks of the two galaxies. These asymmetrical distributions reflect those in the neutral gas density, as can be seen from the H I maps shown by Koribalski & López-Sánchez (2009 , NGC 1512 and Walter et al. (2008, NGC 3621 Fig. 4 (the left and right panels refer to NGC 1512 and NGC 3621, respectively). For comparison, we have included the samples of inner and outer disk H II regions studied in M83 by Bresolin et al. (2009b) and in NGC 4625 by Goddard et al. (2011) , and shown with triangle symbols. Additional data points for nearly 500 extragalactic inner disk H II regions in spiral and irregular galaxies (cross symbols) have been drawn from the following papers: McCall et al. (1985) , Garnett et al. (1997) , Bresolin et al. (1999 Bresolin et al. ( , 2005 Bresolin et al. ( , 2009a , van Zee et al. (1998) , Kennicutt et al. (2003a) , and Esteban et al. (2009) . Lastly, we also included the 39 H II regions located in the Milky Way and the Magellanic Clouds studied by Kennicutt et al. (2000, square symbols) , because in many cases these nebulae only contain a single or very few ionizing stars, a situation resembling the one encountered in outer disks (Bresolin et al. 2009b) . For both NGC 1512 and NGC 3621 the area of the symbols is proportional to the observed Hα flux, in order to provide information on the relative ionizing output of the embedded clusters.
As an aid in the interpretation of the excitation diagrams, we have fitted the sequence outlined by the data points with a four-degree polynomial, obtaining: In Fig. 4 we show two curves, separated by ±0.15 dex from this empirical sequence, defining a region that encloses the bulk of the data points. Some important deviations from the main sequence occur both above and below this zone. The upper region of the diagnostic diagram hosts nebulae with unusually hard ionizing fields. In fact, in virtually all cases, H II regions located in this area of the diagram display, in addition to large [O III]/Hβ flux ratios, also nebular He II λ4686 emission, as summarized recently by Bresolin (2011b) . We note that for our target 1 in NGC 3621, identified in Fig. 4 (right) as the outlier located in the central top portion of the diagram, we also have detected the He II λ4686 emission line, and thus this nebula represents a new instance of this rare class of highexcitation extragalactic H II regions, whose ionizing sources are still a matter of debate (Kehrig et al. 2011) . (The fact that we can spatially resolve this target in our Hα images excludes the possibility that this high-excitation nebula is a planetary nebula). Goddard et al. (2011) noticed that a significant fraction of outer disk H II regions in NGC 4625 (green triangles in Fig. 4 ) lies below the empirical excitation sequence in the N2 vs. O3 diagram defined above. Fig. 4 shows that this region of the diagram, characterized by a lower excitation ([O III]/Hβ ratio) compared to the main sequence, is populated also by inner disk H II regions (cross symbols), even though these cases are apparently rare. The few H II regions in NGC 1512 that lie below the main excitation sequence belong to both the inner disk (defined as R/R 25 < 1, and represented by blue symbols) and the outer disk (R/R 25 > 1, red symbols) of the galaxy, and tend to have smaller ionizing fluxes compared to the majority of the objects located along the sequence, as indicated by the size of the symbols. This situation resembles the case of the H II regions in the outer disk of M83 (orange triangles), where only very few points deviate from the main excitation sequence.
The case of NGC 3621 is quite different. About half of the H II regions in this galaxy, in both the inner and outer parts of the disk, deviate significantly from the excitation sequence. Goddard et al. (2011) attributed the low excitation of outer disk H II regions in NGC 4625 to a combination of two effects. First, the progressive depletion of massive stars belonging to the upper main sequence of the ionizing clusters as these evolve with time. Secondly, bright and young H II regions tend to be selected in spectroscopic studies of the inner portions of spiral galaxies, while in outer disks fainter, and possibly older, nebulae will be typically included, because of the relative scarcity of H II regions. The study of NGC 4625 by Goddard et al. (2011) , however, left open the possibility that outer disk H II regions have systematically lower excitation levels relative to inner disk ones, which could imply systematic differences in the upper initial mass functions. In order to shed light on this issue, we have compared our excitation diagrams with the predictions from theoretical models of evolving H II regions. 
Comparison with model predictions
The region in the N2 vs. O3 diagnostic diagram that lies below the main excitation sequence has seldom received attention in extragalactic H II regions studies, possibly because of the relatively low number of objects found in it. Our investigations of outer spiral disks uncovered a significant population of H II regions exhibiting excitation properties that deviate from the extragalactic H II region excitation sequence. In order to clarify the nature of this population we take a look at theoretical predictions of the evolution of nebular emission line ratios with ionizing cluster age. We consider the models presented by Dopita et al. (2006) , in which the Starburst99 code (Leitherer et al. 1999 ) was used to follow the evolution of ionizing clusters synthesized using the Geneva stellar tracks with high mass loss (Meynet et al. 1994) , and a stellar atmosphere prescription that includes the non-LTE Ostar models of Pauldrach et al. (2001) and the Wolf-Rayet star models of Hillier & Miller (1998) . The dynamical evolution of the surrounding H II regions was followed by accounting for the mechanical energy input from stellar winds and supernova explosions, and was parameterized in terms of the ratio R = (M cl /M ) / (P/k) between the ionizing cluster mass and the pressure of the surrounding interstellar medium (the latter term in units of 10 4 cm −3 K). In these models the ionization parameter, instead of being treated as a free parameter, is determined by the evolutionary status of the expanding H II regions for given values of R and metallicity. The calculation of the model nebular spectra was carried out with the Mappings code (Sutherland & Dopita 1993) . For a comparison with our empirical line flux ratios, we selected models with log(R) = −2, which are appropriate for outer disk cluster masses of ∼10 3 M (Goddard et al. 2010 (Goddard et al. , 2011 and an interstellar medium pressure ∼10 4 cm −3 K. We note, however, that our conclusions will be largely unaffected by the particular choice of R (Fig. 3 of Dopita et al. 2006 shows that variations of R by orders of magnitude affects mostly the ages derived from the model grids, but not their relative distribution). We also remind the reader about the presence of systematic uncertainties in the predictions obtained from photoionization models of synthesized stellar population. The calculated [O III]/Hβ ratio appears to be systematically underestimated, relative to observations (Dopita et al. 2006 attribute the discrepancy to the inadequacy of the ionizing photon output predicted by the stellar atmosphere codes). However, while these uncertainties affect the quantitative predictions of the models to a certain degree (such as the H II region ages and metallicities), the qualitative trends are regarded as being quite robust.
The comparison between the log(R) = −2 model grid predicted by Dopita et al. (2006) for the N2 vs. O3 diagnostic diagram at metallicities Z = 0.2 Z , 0.4 Z , Z and 2 Z and our extragalactic H II region sample is shown in Fig. 5 . In addition to the observational data presented in Fig. 4 , we have included the H II region sample of Ferguson et al. (1998) , which comprises a handful of nebulae in the outer disks of the galaxies NGC 628, NGC 1058 and NGC 6946. We mapped the variation of the [O III] λ5007/[O II] λ3727 line ratio, which relates directly to the ionization parameter, using the color code found at the right hand of the figure. As expected, this ratio decreases from its maximum value at the top of the dia-gram, along the excitation sequence towards the bottom right. We show models for ionizing cluster ages of 0.1 Myr (thick grey line), 1 Myr, 2 Myr, 3 Myr and 3.5 Myr. Models of constant metallicity are connected by the dashed lines. The match between the model grid and the observational data is satisfactory, although objects at the top of the diagram would be better described by models with higher R values (see Fig. 3 in Dopita et al. 2006 ). This comparison indicates that H II regions older than 3.5 Myr are absent in the data samples we included in this diagram. The decrease of the ionization parameter with increasing age is well illustrated by the decrease of the [O III] λ5007/[O II] λ3727 line ratio along tracks of constant metallicity (the plot also suggests a dependence of the ionization parameter on metallicity).
The interesting point raised by Fig. 5 concerns the region of the diagram lying below the main excitation sequence, and the distribution of outer disk H II regions in the diagram. The models illustrate how, as H II regions of the upper branch of the excitation sequence evolve with time, they move to lower O3 values (at roughly constant N2 values), populating the region below the excitation sequence in about 3 Myr. At older ages the expanding H II regions have reached such a low surface brightness that their inclusion in spectroscopic samples becomes unlikely. More importantly, H II regions that are located at radii R > R 25 in their host galaxies, represented by white dots, span the full range of ages from 0 to 3-3.5 Myr, with a significant number of them located in the 'zero-age', upper portion of the diagram. This indicates that outer disk H II regions do not have systematically small [O III]/Hβ line ratios compared to inner disk counterparts. The fact that many of them (including a few inner disk regions) are found in the lower part of the diagram appears to be consistent with the selection effect mentioned earlier, whereby inner disk H II regions are preferentially observed when young and bright, while in the outer disks the observer's attention is also drawn by older nebulae.
In order to further test this interpretation we looked for trends in the Hα-to-FUV flux ratio, f Hα / f FUV , across the N2 vs. O3 diagram, since this ratio is expected to decrease with time, due to the different typical timescales for the (nebular) Hα (< 10 7 yr) and the (stellar) FUV (∼10 8 yr) emission of young star clusters. The comparison between Hα and FUV emission is not straightforward on a cluster-by-cluster basis, because of uncertainties in matching sources at the two different wavelengths (i.e. due to different pixel scales between ground-based optical and spacecraft UV images, but also because the FUV emission is intrinsically more diffuse than the Hα emission, so that objects that are clearly distinct in Hα can often be seen as single clumps in FUV). Therefore, trends in the f Hα / f FUV ratio are expected to be rather crudely defined, and only meaningful in a statistical sense.
For our test we focused on NGC 3621, which hosts a large fraction of H II regions falling outside the main sequence in the N2 vs. O3 diagram. FUV fluxes were measured from the available GALEX images, using SExtractor (Bertin & Arnouts 1996) . We then divided the H II region sample in three broad categories, based on the age we derived for each object using the model grid by Dopita et al. (2006) adopted earlier: t < 1.5 Myr, t = 1.5 -3 Myr and t > 3 Myr. Since we are looking for a statistical trend, and because of the uncertainties mentioned above, this approach is desirable over one with a finer subdivision in age groups. The mean f Hα / f FUV values in these three age bins show a decreasing trend with age, as illustrated in Fig. 6 , as expected. In this figure, we normalized the f Hα / f FUV ratio to the central bin value, and included error bars to indicate the standard errors of the mean values. Although the significance of the result is only modest, given the size of the error bars, there is a significant difference in the f Hα / f FUV ratio between the youngest and the oldest age bin. This ratio decreases by a factor of ∼2, in good quantitative agreement with model predictions (see Fig. 7 of Goddard et al. 2011 ). This result reinforces our conclusion that age plays an important role in the distribution of H II regions in the N2 vs. O3 diagram below the main sequence.
An apparent inconsistency in this picture concerns H II regions hosting Wolf-Rayet (W-R) stars. Since these stars make their appearance in the ionizing clusters 2-3 Myr after the initial episode of star formation, nebulae containing such stars should be located below the main excitation sequence according to the theoretical predictions. However, they are not. As an example, the two H II regions in NGC 3621 where we detected the W-R λ4650 feature (numbers 53 and 64 in Table 6 ) are both located on the excitation sequence. A clue to a possible explanation is provided by Fig. 4 (right) , where object 53 is represented by the second largest open circle (i.e. it possesses the second largest observed Hα flux), in the upper part of the diagram. The presence of W-R stars appears to affect the location of the H II regions in this diagram by boosting the ionizing flux output of the central clusters, and consequently providing a larger [O III]/Hβ ratio. The problem, of course, is that this effect should be reproduced by the models, which include the W-R evolutionary phase. For a metallicity Z = 0.4 Z this phase should last ∼2 Myr, which is long enough to be resolved by the model grid.
An important additional point to make concerns the effects of metallicity on the evolution on the N2 vs. O3 diagram. At high metallicity (∼Z and above) the evolution of the H II regions occurs along the nearly-vertical, low-excitation arm of the main sequence, which is found at [N II] λ6583/Hα −0.4 (we remind the reader that the [N II]/Hα ratio is essentially a measure of metallicity). Therefore, if the metallicity of an aged outer disk H II region approaches the solar value, its location in the diagnostic diagram will remain on, or near, the main excitation sequence. This appears to be the case for the galaxies M83 and NGC 1512, where very few objects lie outside the region of the diagram enclosed by the curves drawn in Fig. 4 (we must add that in the case of NGC 1512 our interpretation is hampered by the small number of outer disk H II regions with available [N II] lines). For a galaxy of lower metallicity, such as NGC 3621, we see H II regions straddling the space to the left of the near-vertical portion of the main excitation sequence, starting from [O III] λ5007/Hβ 0.6 down to −0.4. We conclude that the differences found in the N2 vs. O3 diagnostic diagram of outer disk H II regions of different galaxies stem from differences in metallicity. We also infer from the inspection of Fig. 5 that we do not need to invoke a different upper initial mass function for outer disk populations to explain their distribution in the excitation diagram, a possibility we could not rule out in our study of NGC 4625 (Goddard et al. 2011) , but that it is sufficient to account for the evolution of the emission line ratios as the ionizing clusters of the H II regions become older.
5. CHEMICAL ABUNDANCES 5.1. Abundance diagnostics For the determination of the oxygen abundances ('metallicities') of the target H II regions we have used a variety of emission line diagnostics. In this way, we expect to be able to recover robust qualitative radial trends, regardless of the well-known, but unexplained, systematic uncertainties, which can amount to a factor of up to ∼0.7 dex, presently afflicting the determination of the chemical abundances of extragalactic H II regions from nebular spectroscopy (see Bresolin 2008; Bresolin et al. 2009a; Kewley & Ellison 2008 for recent discussions). In fact, a well-established, but poorly understood, discrepancy exists between the nebular abundances obtained from the classical, direct T e -based method (Menzel et al. 1941 ) and the theoretical predictions of photoionization model grids (e.g. McGaugh 1991). Various strong-line abundance indicators have been introduced to obtain the oxygen abundances of ionized nebulae from the strongest emission lines present in their spectra, e.g. when the faint auroral lines required in the direct method remain undetected. Calibrations of these methods in terms of metallicity have been proposed both from empirical abundances (based on auroral line detections) and from the results of theoretical photoionization models. Consequently, the chemical abundances derived from strong-line methods display large systematic differences when applied to the same observational data, with empirically calibrated diagnostics providing measurements at the low end of the metallicity range. Differential analysis methods are considered to be largely unaffected by these unexplained systematic discrepancies, although different calibrations of strong-line methods can yield small differences in the slopes of galactic abundance gradients (Bresolin 2011a decreases with metallicity, most of the H II regions in which the auroral line was measured are located in the outer disks, where metallicities are lower than in the inner disks. The direct oxygen abundances were derived from the observed line strengths with the nebular package available in IRAF, adopting the updated atomic data used by Bresolin et al. (2009a) . We summarize in Table 3 Bresolin et al. 2009a) , but this offset is roughly independent of metallicity, so that relative metallicity trends remain well determined. To address the difficulty represented by the fact that two different values of O/H can correspond to the same R 23 value, which gives rise to the notion of a 'lower' and an 'upper' branch of the calibration, we have plotted in Fig. 7 the R 23 indicator as a function of N2, which is instead monotonic with O/H. In order to populate the diagram towards the low-metallicity end, we have considered, in addition to the H II region samples already presented in the previous figures, the H II galaxy samples of Terlevich et al. (1991) and Guseva et al. (2011) , shown by the triangle symbols. It can be seen that for log(N2) values down to at least −1.5, corresponding to 12 + log(O/H) 8.1 in the empirical abundance scale (shown to the right of the H II regions sequence), we can safely select the upper R 23 branch. All of the objects we observed in NGC 1512 and NGC 3621 fall in this range, and we have therefore applied the analyti-cal expression for the upper branch calibration of McGaugh (1991) provided by Kuzio de Naray et al. (2004) . The plot in Fig. 7 identifies a few outliers relative to the H II region sequence. To the right of the sequence, in particular, we find nebulae with particularly hard ionizing spectra, which can be related to the presence of He II λ4686 emission (e.g. region 1 in NGC 3621; for other regions falling in this category and not shown here see Bresolin 2011b), or shocked gas signatures (e.g. NGC 4395−001 − 005, see McCall et al. 1985) . (c) the empirical method proposed by Pilyugin et al. (2010) 
Radial metallicity gradients
The galactocentric radial gradients of the O/H abundance ratio are shown in Fig. 8 for NGC 1512 and The statistical test described below indicates that the change in slope takes place near the isophotal radius, in the radial range 0.8 -1.2 R 25 . We did not attempt to pinpoint the exact radius at which this occurs, since a significantly higher number of targets in the transition zone would be required. The small discontinuities in O/H seen in Fig. 8 and 9 reflect the difficulty to establish the radius at which the transition occurs.
The statistical significance of the flattening of the abundance gradient beyond the isophotal radius has been estimated with an F-test, following Zahid & Bresolin (2011) in their study of NGC 3359. The test allows us to check whether the improved fit (i.e. smaller residuals) obtained using a twoslope model for the radial abundance distribution (in which we set the outer gradient to be flat, for the reason given above) is statistically significant compared to a single-slope representation. In general we find that the flattening is significant at the >99.99% level. The exception is represented by the gradient observed with the N2 diagnostic in NGC 1512, where a single slope (dashed line in Fig. 8 ) reproduces the observed data as well as if we used two lines of different slopes. However, this is a result of the small number of H II regions in the outer disk of this galaxy for which we can calculate N2-based abundances (see below). The R 23 metallicity indicator, for which we have more data points in this galaxy, displays a statistically significant flattening.
In the following we discuss separately our results for NGC 1512 and NGC 3621.
NGC 1512
As mentioned in Sect. 2.2, we do not have red spectra covering the Hα and [N II] lines for the 10 H II regions located in the outer eastern spiral arm, and therefore the N2 and ONS diagnostics provide an incomplete picture of the abundance distribution in the outer disk of NGC 1512. However, the existing data are in good qualitative agreement with the R 23 abundances, which clearly show a flat metallicity beyond the isophotal radius. This is also confirmed by the few [O III] λ4363 detections, even though the O/H value for the outermost data point, corresponding to region 61, is slightly below the rest (although not significantly, considering the error bars; see upper panel of Fig. 8) . The N2 and the auroralline based abundances are in good quantitative agreement for objects in which both methods could be used.
The abundances obtained from the N2 diagnostic reveal that five inner disk H II regions, two of which have consistent [O III] λ4363-based O/H abundances, lie significantly below the regression line. Interestingly, all of these objects, enclosed in the box drawn in Fig. 8 (top) and numbered 53 to 57 in Fig. 1 , are located in the 'bridge' structure identified by Koribalski & López-Sánchez (2009) in the zone between the centers of NGC 1512 and NGC 1510, and possibly corresponding to tidal debris (see Fig. 1 ). These H II regions therefore do not appear to belong to the same population of H II regions found in the main body of NGC 1512, and might instead be related to material that was stripped during the interaction between these two galaxies. The lower O/H abundance ratio measured in the bridge is consistent with the idea that this gas has reached its current location from larger radii, possibly around the isophotal radius (or beyond), where a similar O/H value is found. Although this association to tidally stripped material remains speculative, we have removed objects 53-57 from the calculation of the linear regression of the metallicity as a function of radius, parameterized as 12 + log(O/H) = a + b (R/R 25 ). The results obtained for coefficients of this fit from the different abundance diagnostics are summarized in Table 4 . It can be seen that the N2 and the ONS methods provide results that are consistent with each other, for both the intercept value, 12 + log(O/H) 8.8, and the slope of the abundance gradient in the inner disk, approximately −0.034 dex kpc −1 . The R 23 indicator yields a ∼0.4 dex larger intercept value, as expected, but also a steeper slope, although in this case the linear fit displays an rms scatter that is almost double the one measured using the N2 diagnostic. We finally note that, after discarding the objects in the bridge, the rms abundance scatter obtained for the inner disk of NGC 1512 from the N2 diagnostic, 0.06 dex, is the same value that we measure for NGC 3621.
NGC 3621
Thanks to the large number of H II region abundances available in both the inner and the outer disk of this galaxy, the manifestation of a break in the abundance gradient of NGC 3621, and the flat distribution beyond the isophotal radius, are very well established by any of the strong-line metallicity diagnostics we adopted. The N2 abundances are in good agreement with those derived from the auroral line method, in those cases where the [O III] λ4363 line was measured. As in the case of NGC 1512, the N2 and ONS diagnostics yield consistent abundance gradients, which are well anchored to Table 6 . the empirical [O III] λ4363-based metallicities. The overall metallicity is about 0.1 dex lower than in NGC 1512. While the slope derived from R 23 is again slightly steeper, it is not significantly different from the one derived from N2. For all the diagnostics, the rms abundance scatter relative to the linear fit is small, ∼0.06 dex. The abundance distribution is thus quite tightly defined, and its scatter is essentially determined by the observational errors, rather than true metallicity variations at a given galactocentric radius.
In Fig. 9 we identify a few outliers relative to the radial trend defined by the majority of the H II regions. In the top panel, region 46 has an N2-based abundance that is about 0.2 dex lower than the [O III] λ4363-based one. The latter matches the abundance from the linear fit at the corresponding radial distance, so apparently there is something peculiar about its N2 line ratio. In the bottom panel, the metallicity of region 1 estimated from R 23 is clearly underestimated, a result that is due to its high excitation level. Bresolin (2011b) showed that this is typical for H II regions displaying nebular He II emission. There are also three objects (54, 57 and 73) for which the ONS method appears to underestimate the O/H abundance ratio (these were excluded from the calculation of the mean outer disk abundance given in Table 4 ). Pilyugin et al. (2010) , and are assigned a rather low metallicity. If they were classified as 'warm', by a change in the criterion used to separate H II regions in different temperature regimes, the O/H ratio for these three H II regions would agree with the rest of the outer disk sample. This suggests that some adjustment to the criteria adopted by Pilyugin et al. (2010) could lead to a better estimation of the O/H ratio at metallicities around 12 + log(O/H) = 8.2.
Nitrogen
In Fig. 10 Table 3 ). We include targets in the outer disks of M83 (Bresolin et al. 2009b ) and NGC 4625 (Goddard et al. 2011) . For comparison, we also show a sample of extragalactic H II regions (triangles; Garnett et al. 1997; Kennicutt et al. 2003a; Bresolin et al. 2005 Bresolin et al. , 2009a Esteban et al. 2009; Bresolin et al. 2010 ) and H II galaxies (empty squares; Izotov et al. 1994; Guseva et al. 2009 ). In all cases, we only consider abundances obtained from the knowledge of the electron temperature, as derived from the detection of auroral lines.
The distribution of the points representing the outer disk H II regions is roughly consistent with the well-known general trend in this diagram, in which a flat distribution at low O/H ratios with constant N/O −1.5, attributed to predominant primary nitrogen production at low metallicity, is followed by an increase of N/O with O/H, as a signature of an additional, secondary production of nitrogen at higher metallicity. Considering the large spread in N/O at constant O/H, the fact that outer disk H II regions on average do not differ significantly in a systematic way from disk H II regions in terms of their N/O ratio excludes gross deviations of the initial mass function (IMF) of the embedded star clusters in the extended disks from the canonical one, typical of inner disk clusters. A hypothetical systematic decrease in the up- per mass cutoff would lead to an increased N/O ratio, due to the removal of the main producers of oxygen, i.e. massive hot stars. While we postpone a more detailed discussion to a future work (Bresolin et al., in preparation) , we exclude a dramatic reduction of the upper mass cutoff from 100 M to 25-30 M . However, Fig. 10 suggests that outer disk H II regions in NGC 3621 lie towards systematically low N/O values, compared to similar objects we studied in M83, NGC 4625 and, in part, NGC 1512. While this might be simply due to small number statistics, it is tantalizing to speculate in terms of the different evolutionary status of the extended disks of these galaxies. Among the four galaxies, NGC 3621 is the only one which we can consider isolated and non-barred. The others show clear signs of tidal interactions (as in the case of NGC 1512 and NGC 4625) or might have had an interaction in the past (as suggested for M83, van den Bergh 1980), and contain stellar bars (NGC 1512, M83) . Both of these properties are linked to the presence of radial gas flows, which can presumably mix metals out of the main disk of the galaxy into the outer disk. We can speculate that the extended disk of NGC 3621, in the absence of such a radial mixing process, is less chemically processed than the remaining extended disks. Because of the longer timescale for nitrogen production compared to that of oxygen, the extended disk of NGC 3621 would therefore display a lower mean N/O ratio. Of course, we realize that observations of the N/O ratio in a significantly larger sample of extended disk galaxies will be necessary before this hypothesis can be seriously tested.
6. DISCUSSION In the previous section we illustrated the flattening of the H II region radial abundance gradient occurring in the extended disks of the spiral galaxies NGC 1512 and NGC 3621. The O/H ratio is essentially constant for galactocentric distances larger than ∼10 kpc, to the outermost regions we observed at distances of 18 kpc (NGC 3621) and 25 kpc (NGC 1512). The small abundance scatter that we mesaure, on the order of 0.06 dex, is consistent with what is expected from the observational uncertainties. Strong evidence for flat outer disk gradients in external spiral galaxies has been recently presented by Bresolin et al. (2009b) for the prototypical XUV disk galaxy M83, and subsequently by Goddard et al. (2011) for NGC 4625, and Werk et al. (2011) for a sample of 13, mostly merging or interacting, galaxies, although in the latter case the abundance scatter is in general considerably larger (∼0.15 dex, compared to 0.06 dex), due to the significantly smaller number of H II regions observed. A flattening, or possibly an upturn, in the metallicity gradient has also been detected from stellar photometry of the old, resolved stellar population (red giant branch stars) in the outer disks of NGC 300 (Vlajić et al. 2009 ) and NGC 7793 (Vlajić et al. 2011) , even though this result is somewhat affected by the age-metallicity degeneracy. Strong indications for a flat outer abundance gradient have also been found for the Milky Way from a variety of studies (e.g. Pedicelli et al. 2009; Lépine et al. 2011 , and references therein). A schematic representation of the galactocentric O/H abundance gradients obtained by our group for the extended disk galaxies M83, NGC 4625, NGC 1512 and NGC 3621, determined from the N2 metallicity indicator, is presented in Fig. 11 . This provides an impression of the similarity in the behavior of the metallicity gradient observed at large galactocentric distances, despite the variety in this (admittedly small) sample of galaxies (for example in terms of physical size, interaction activity and presence of bars). The value of 12 + log(O/H) in the outer disks ranges between 8.2 and 8.4, in a way that appears correlated with the mean metallicity of the inner disk (as discussed below).
Negative radial abundance gradients are a well-established feature of the inner disks of spiral galaxies (Vila-Costas & Edmunds 1992; Zaritsky et al. 1994) . They are understood within the inside-out galaxy formation scenario as a result of the increased timescales of the gas infall with radius within a Λ cold dark matter context and the consequent radial dependence of the star formation rate. On the other hand, observational and theoretical investigations of the metal content in the outer regions of galaxies have only recently begun. With the discovery of UV emission from star-forming regions located in the extended outer disks of a significant fraction of galaxies in the Local Universe ( 2005, 2007), the crucial role played by studies of the outer fringes of galaxies in our understanding of galaxy formation and evolution has become evident. While recent investigations have focussed especially on the star forming properties of these XUV disks (Dong et al. 2008; Bigiel et al. 2010b; Goddard et al. 2010; Alberts et al. 2011) , it is essential to include the additional constraints to galactic evolution studies provided by the chemical abundance analysis, of H II regions in particular, although this is hindered by observational difficulties, due to the relative scarcity and faintness of the targets.
The flatness issue
For the interpretation of our observational results it is important to first address the possible reasons for the flat chemical abundance distribution in extended galaxy disks. A potential clue is offered by the comparison of the star formation efficiency (SFE) between inner and outer disks of galaxies. Bigiel et al. (2010b) showed that this efficiency, defined as the ratio of the surface density of star formation rate to that of the available neutral hydrogen gas, SFE = Σ SFR /Σ H I , is considerably flatter in the outer disks, in the radial range between one and two isophotal radii, when compared to the inner (R < R 25 ) disks. Examples where this behavior continues to even larger galactocentric distances can be found in M83 (Bigiel et al. 2010a ) and NGC 864 (Espada et al. 2011) . It is interesting to note that the flattening in M83 occurs around R/R 25 = 1.5 (see Fig. 4 of Bigiel et al. 2010a) , which corresponds to the approximate radius at which Bresolin et al. (2009b) found the radial abundance gradient to flatten out (for 1 < R/R 25 < 1.4 there seems to be a 'superposition' of inner and outer disk abundance gradients).
The gaseous oxygen-to-hydrogen abundance ratio per unit disk surface area can be approximated by
where y O is the net oxygen yield by mass, µ = 11.81 is the conversion factor from number ratio to mass fraction, and t is the timescale for the star formation activity. This expression suggests that a slow radial dependence of the star formation efficiency at large galactocentric distances could translate into a flattening of the metallicity gradient.
A potential complication to this picture is represented by the relatively large O/H value measured in the outer disks. As pointed out by Bresolin et al. (2009b) in the case of M83, and later confirmed by Werk et al. (2010 Werk et al. ( , 2011 , outer disks are overabundant for their (extremely large) gas fractions. Virtually all of the outer disks in which nebular abundances have been derived todate possess very extended neutral hydrogen envelopes, which act as large gas reservoirs for the ongoing low-level star forming activity we witness in the form of UVemitting knots and H II regions. Due to the preponderance of H I in the calculation of the baryonic mass in the outer disks, the effective yield y eff = Z/(ln µ −1 ) (where µ is the gas fraction) is thus quite high.
Considering the O/H values anchored to the [O III] λ4363 auroral line-based abundances as lower limits to the nebular oxygen abundance (since the various strong-line methods provide equal or higher O/H abundances), we see from Table 4 that 12 + log(O/H) is ≥ 8.2 and ≥ 8.3 in NGC 3621 and NGC 1512, respectively. An estimation of the time necessary to enrich the outer disks to these abundance levels, assuming a constant star formation rate (SFR) equal to the presently observed value, can be quickly obtained from the knowledge of the SFR and the surface density of gas (see Eq. 1). While in this way we obviously neglect the (unknown) details of the chemical enrichment history of the galactic disks, the approximation will provide an idea of the timescales involved. The calculation is done first for the case of the outer disk of NGC 3621, for which the relevant mean quantities are readily available from Bigiel et al. (2010b) :
Adopting an oxygen yield of 0.01 (Maeder 1992) , the time required to enrich the interstellar medium up to 12 + log(O/H) = 8.23 is ∼10 Gyr. The timescale would more than double if we wished to obtain 12 + log(O/H) = 8.6, as measured from the R 23 abundance indicator.
Even though a timescale that is consistent with the age expected for inner galaxy disks (> 10 Gyr) has been found in this case 5 , outer disks are unlikely to have formed stars for such long times. In the inside-out scenario for galaxy growth the outer disks of galaxies are considerably younger. Cosmological hydrodynamical simulations indicate that the outer portions of galaxy disks could have mean formation times around 4-6 Gyr ago, while the inner few kpc are formed > 10 Gyr ago (e.g. Scannapieco et al. 2008 Scannapieco et al. , 2009 . Supporting observational evidence has recently been provided by the star formation histories of nearby resolved spiral galaxies, such as M33 (Williams et al. 2009; Barker et al. 2011) . Gogarten et al. (2010) found that while for the inner 3 kpc of NGC 300 50% of the stars had already formed 11 Gyr ago, at a galactocentric distance of 5 kpc (corresponding approximately to the isophotal radius) the same level of star formation was reached about 6 Gyr ago. Age gradients (younger stars at larger radii) have also been inferred from resolved stellar populations studies in the outer disks of spiral galaxies such as M81 (Davidge 2009 ) and the extended disk galaxy M83 (Davidge 2010) . The absence of a significant population of red giant branch stars in the outer disk of M83 noted by Davidge (2010) points against a significant star formation activity a few Gyr before the present time. H I-rich galaxies with star-forming outer disks have been shown to have color gradients that are consistent with recent gas accretion and an inside-out growth (Wang et al. 2011) . The sub-critical density of the gas available in the outer disks for star formation suggests that it is unlikely that significantly higher star formation rates have been experienced in the past. We therefore argue that the systems we are analyzing are observed in a phase that could have started a few Gyr ago (consistent with the age estimates obtained for the oldest UV-bright clusters), during which a large amount of neutral gas has become available for star formation, and during which the mean star formation rate has remained close to the present-day value (as also suggested by the outer disk simulations by Bush et al. 2010) . The problem of the chemical enrichment of outer disks is exacerbated under these conditions, because of the reduced amount of time available for metal production. For example, in NGC 3621, star formation at the currently observed levels would enrich the ISM to 12 + log(O/H) 7.8 in 4 Gyr.
For the case of the outer disk of NGC 1512 we have derived the following approximate parameters from Koribalski & López-Sánchez (2009) 
The resulting timescale to reach the O/H abundances in Table 4 is ∼2-3 Gyr, depending on the metallicity diagnostic used. The ongoing interaction with NGC 1510 might explain the shorter value for the estimated timescale compared to NGC 3621 (the star formation rate could have been recently enhanced, thus leading to overestimate the average SFR over time), although this remains rather speculative.
We conclude that, at least for a few galaxies we have analyzed so far (such as M83 and NGC 3621), it is unlikely that the in situ star formation could have produced and ejected enough metals to enrich the interstellar medium to the presently observed values. We also note that O/H selfenrichment of the H II regions from embedded massive (O and Wolf-Rayet) stars and type II supernovae appears a very unlikely mechanism, especially at metallicities below solar, in light of the theoretical results presented by Kröger et al. (2006) and Wofford (2009) .
Radial metal mixing
Although we should expect a fraction of the elevated metal amounts found in the outer disks to be produced in situ, since stars are known to populate galaxy disks to large galactocentric distances Davidge 2010) , another considerable fraction must have reached the outer disks, possibly from the inner disks, via some transport mechanism, efficient out to galactocentric distances of at least 20 -25 kpc, as observed in NGC 1512, NGC 3621 (this work) and M83 (Bresolin et al. 2009b) . Several possibilities have already been pointed out by other authors (Werk et al. 2010 Vlajić et al. 2009 Vlajić et al. , 2011 . These include the effects of radial gas flows induced by bars (Friedli et al. 1994 ) and tidal interactions, as already discussed in Bresolin et al. (2009b) . Abundance gradient breaks have been reported in a few barred galaxies (e.g. NGC 3359, Martin & Roy 1995; Zahid & Bresolin 2011) , although it should be noted that such breaks are expected to occur near the bar corotation radius, in most cases located within the galaxy optical disk, so that this would not in general explain breaks taking place further out around the isophotal radius. The flattening of radial abundance gradients due to galaxy tidal interactions and merging (Rupke et al. 2010) could explain most of the cases investigated by Werk et al. (2011) , as well as our result for NGC 1512. However, the fact that apparently isolated galaxies (although we cannot exclude past merger events), such as NGC 3621, also display similar uniform metallicity distribution in their outer disks leads us to conclude that alternative mechanisms of metal redistribution must play an important role. Werk et al. (2011) argued in favor of the mixing scenario without feedback and outflows proposed by Tassis et al. (2008) , in which metals are driven in the hot gas phase to large galactocentric distances by turbulence and large-scale motions resulting from gravitational instabilities, accretion flows and mergers. This model was developed to explain known scaling relations of dwarf galaxies. According to Tassis et al. (2008) , mergers should be the dominant source of turbulence, therefore it is unclear whether this mechanism can fully explain the chemical enrichment of the outer disks of nearby, non-dwarf isolated galaxies. The model seems also incompatible with the direct evidence for gas outflows in dwarf galaxies (e.g. Elson et al. 2011) .
Additional processes of angular momentum transport that can help to explain the radial mixing of metals in galaxy disks include radial gas flows (Lacey & Fall 1985; Goetz & Koeppen 1992; Portinari & Chiosi 2000; Ferguson & Clarke 2001; Schönrich & Binney 2009; Spitoni & Matteucci 2011, among others) , perturbations by satellite galaxy encounters (Quillen et al. 2009; Bird et al. 2012) , resonance scattering with transient spiral density waves (Sellwood & Binney 2002) , and the overlap of spiral and bar resonances (Minchev et al. 2011) . Stellar radial migrations (Roškar et al. 2008b ) can lead to a flattening of the metallicity gradients for old stellar populations with increasing radius (Roškar et al. 2008a) , as observed for example in NGC 300 (Vlajić et al. 2009 ). However, since the effect of radial mixing on age and metallicity as a function of radius is cumulative with time, and since stars and gas are essentially decoupled, we do not expect the same mechanism to be able to explain the flat abundance gradients we derive for the gas out to galactocentric distances of ∼20 kpc.
Enriched infall
An alternative interpretation of the chemical properties of extended disks involves the predictions from recent cosmological simulations in the hierarchical context concerning the evolution of galaxies that consider cold gas accretion, modulated by feedback, outflows and star formation processes (Kereš et al. 2005; Dekel & Birnboim 2006; Ocvirk et al. 2008; Bouché et al. 2010) . The direct detection of gas accretion into galaxies is elusive, and has been inferred from gas depletion timescales, which are considerably shorter than the Hubble time in galaxies at low and high redshift , and from considerations concerning misaligned components in disks, such as warps, polar disks and other ring structures (Roškar et al. 2010; Finkelman et al. 2011; Spavone et al. 2011 ). Metal-poor Lyman limit systems have been recently proposed as direct observational support for cold stream accretion (Ribaudo et al. 2011; Fumagalli et al. 2011) .
Galactic scale outflows are well established observationally (e.g. Veilleux et al. 2005; Steidel et al. 2010 and references therein). The ejection of chemically enriched gas from galaxies appears necessary to explain the enrichment of the circumgalactic and intergalactic medium via galactic winds (Oppenheimer & Davé 2008; Tumlinson et al. 2011) , the origin of the mass-metallicity relation (Finlator & Davé 2008) , and to circumvent discrepancies between predicted and observed baryonic mass fractions locked in galaxies ). In recent outflow models a 'wind recycling' process ensues, in which the infalling gas is progressively enriched by metals produced by stars within galactic disks, ejected by outflows over distances of ∼80 kpc and reincorporated into the parent star-forming galaxies over timescales on the order of 1 Gyr (Oppenheimer & Davé 2008) . This process was more efficient at early epochs and high redshift, z > 2, when accretion and the star formation rate were significantly higher than at z = 0, giving rise to rapid metal enrichment in the Universe. In the present epoch the chemically enriched material located in the intergalactic medium participates in ongoing, weaker gas inflows. Within this picture, even galaxies that are not massive enough to sustain important outflows can thus accrete enriched gas.
The metallicity expected for infalling gas in the local Universe does not necessarily have to be 'primordial' or very low (0.1 Z or below). High velocity clouds represent an important mode of gas accretion for the Milky Way, and are also observed in connection with other galaxies (e.g. Sancisi et al. 2008) . Cosmological simulations by Kereš & Hernquist (2009) show how such clouds can be produced from the filamentary structure in cold gas accretion, providing Milky Waysize galaxies with a continuous source of gas for star formation. Absorption line measurements indicate metallicities in the range 0.1 Z to supersolar (Wakker 2001; Yao et al. 2011 ). This range probably reflects the variety in the origin of these systems, from metal-poor intergalactic medium accretion and small mergers to metal-rich gas participating in the galactic fountain (Shapiro & Field 1976) . Whatever their origin, enriched gas clouds (0.2 -0.5 Z ) associated with the Milky Way can be found at galactocentric distances (9 -18 kpc) that place them in the outer Galactic disk (Tripp & Song 2011) .
The recent cosmological hydrodynamic simulations by Davé et al. (2011b) highlight the importance of reaccretion of metal-enriched gas in defining the observed galaxy massmetallicity and mass-gas fraction relations at redshifts z < 1. These authors followed the redshift evolution of the gasphase metallicity (in terms of the star formation-weighted O/H ratio) of both the interstellar medium of model galaxies and the infalling gas. Their momentum-conserving wind models at z = 0 reach an ISM metallicity approximately between 12 + log(O/H) = 8.3 (2 × 10 9 M galaxy mass model) and 12 + log(O/H) = 8.6 (10 10 M ). The corresponding infall gas metallicities are roughly 0.15 dex lower, with the ratio between the infalling gas metallicity and the inner disk ISM metallicity α Z 0.7. This parameter enters directly into the equation for the equilibrium metallicity of the gas under the combined effects of star formation and dilution by infall (see Davé et al. 2011b ,a for details). If we consider the abundance gradient plots for NGC 1512 (Fig. 8 ) and NGC 3621 (Fig. 9) we see that the difference between the mean O/H ratio for the inner disks and the outer disk is comparable to this theoretical value. If we use the inner disk metallicity measured at R = 0.4 R 25 as representative of the 'effective' or characteristic metallicity (Zaritsky et al. 1994 , see the dots in Fig. 11 ) we obtain, from the results for the N2 metallicity indicator in Table 4, α Z 0.5. Interestingly, if we also consider the extended disk galaxies M83 and NGC 4625 we studied previously, we obtain similar values (α = 0.46 and 0.43, respectively). In this limited sample of extended disk galaxies we thus find that the outer disk metallicities are approximately half those representing the mean value for the inner disk. Therefore, the metallicity we measure in extended disks appear to be quantitatively compatible with the predictions of the metallicity evolution of the Universe made by recent hydrodynamic sim-ulations.
It is interesting to compare the metallicity we measure in outer disks to the expected metallicity of Damped Lymanalpha (DLA) systems evolved to z = 0 (Prochaska et al. 2003; Kulkarni et al. 2005) . The metallicities of ionized gas in emission and neutral gas in absorption have been shown to agree in at least one local DLA galaxy (Schulte-Ladbeck et al. 2005) . On face value it appeared that the metal content of DLAs fell short of that expected from the global star formation rate of galaxies integrated over time (Pettini 1999) . However, further analysis by Zwaan et al. (2005) and Chen et al. (2005) found that the metal content of local field galaxies is in good agreement with low-z DLAs. Zwaan et al. (2005) applied the luminosity-metallicity relation, together with known galactic metallicity gradients (measured only to R 25 , VilaCostas & Edmunds 1992), to 21 cm H I maps of local galaxies. They found a median cross section-weighted metallicity of [O/H] = −0.85 ± 0.2 (1/7 solar) for H I gas at z = 0 above the DLA column density limit (N H I = 2 × 10 20 cm −2 ). Figure 1 in Zwaan et al. (2005) shows that typically up to 50% of the DLA cross-section lies outside R 25 . If metallicity gradients do not continue to decline at the same rate beyond R 25 -as we have found in NGC 1512 and 3621 -a higher median would have been measured. Chen et al. (2005) used a different approach: they applied average radial H I profiles of three galaxy types and measured a N HI -weighted mean metallicity of Z = 0.3 Z out to the radius where 21 cm emission is normally detected. However, not all the gas at these radii meets the DLA criteria, so that, had the results been corrected for the intrinsic relationship between N HI and metallicity, a higher mean metallicity would have been inferred.
Utilizing high-quality 21 cm maps of NGC 1512 (Koribalski & López-Sánchez 2009) and NGC 3621 , we have established that every H II region in our sample lies in an area satisfying the DLA column density limit. We also carried out the same analysis on H II regions in M83 reported in Bresolin et al. (2009b) , overlaying their positions on the 21 cm maps of Walter et al. (2008) and Crosthwaite et al. (2002) . Ignoring the three H II regions with R 25 > 2.5, which are beyond the limit of the H I map, the remaining 46 H II regions lie in gas above the DLA cutoff. Although our sample of three galaxies is small, we are able to compare metallicities and H I measurements in a region of parameter space not covered directly by Zwaan et al. (2005) or Chen et al. (2005) . We find that the [O/H] ratio of all gas with N HI = 2 × 10 20 cm −2 corresponds to Z > 0.35 Z . Detailed observations of the metallicity and H I distribution beyond R 25 need to be performed on a larger sample of galaxies to address this possible mismatch between low redshift metal-poor (0.2 solar) DLAs and moderate metallicity (0.35 solar) outer disks of galaxies.
7. CONCLUSIONS In this paper we have presented the oxygen abundances of a large sample of H II regions in the spiral galaxies NGC 1512 and NGC 3621, extending out to approximately 25 kpc and 20 kpc from the galactic centers, respectively. This sample allowed us to obtain for the first time the metallicity of the extended disks of these two galaxies, and to compare with the nebular abundances in the inner disk. Similar work has been carried out recently by us and others in a handful of other extended-disk galaxies, where the far-UV and Hα emission from star-forming regions has been found to large galactocentric distances. We confirm that a flattening of the radial abundances occurs approximately at the isophotal radius, which mimicks the behavior of the star formation efficiency. The inner disks display the familiar negative metallicity gradients, while the outer disks have a virtually constant O/H ratio. In our new work, thanks to the large number of high-quality spectra obtained, we find what is arguably the 'cleanest' example of such a behavior obtained so far: the abundance scatter in the extended disk of NGC 3621 is a mere 0.06 dex, which is compatible with a perfectly flat metal distribution, within the measurement uncertainties. This result does not depend on the metallicity diagnostic we use. The O/H ratios we find in the outer disks of NGC 1512 and NGC 3621 is ∼0.35× the solar value, based on measurements of the [O III] λ4363 auroral lines, or larger if strong-line metallicity diagnostics such as R 23 are used. This agrees with our earlier findings for M83 and NGC 4625. The statement occasionally found in the literature (e.g. Espada et al. 2011 ) that outer disks of spirals have low metallicities on the order of 0.1 Z is therefore inaccurate.
We have summarized a few of the mechanisms that can be responsible for the radial abundance distribution and enrichment of extended disks. They can be broadly classified into the following categories: (a) mixing and turbulence processes; (b) galactic scale outflows and (c) enriched accretion. The boundary between internally and externally driven mechanisms is somewhat blurred, because the accretion material is progressively enriched by outflows that originate in the galaxies themselves. We can envision a situation in which all these processes are at work to produce the chemical signatures we observe in extended disks. Moreover, in some cases, e.g. for barred or interacting galaxies, the dominant mechanism could be different than for structurally different galaxies, such as isolated, non-barred galaxies. The two galaxies we have studied here are examples of each of these two possibilities, and yet the resulting radial abundance distributions (inner slopes, outer disk metallicities) are very similar. It is possible that a balance between radial mixing and accretion governs the chemical evolution of extended disks.
We have also shown that considering the outer disk metallicities in the context of enriched accretion in cosmological simulations, the empirical values found from H II regions can provide useful constraints to the present-time metallicity of the infalling gas, in particular the proportion of pristine, metal-poor gas relative to the metal enriched gas that originates from outflows. More in general, future galactic chemical evolution models must be able to account for the different radial trends observed in inner and outer disks. In order to distinguish between the different scenarios illustrated here, specific model predictions for the chemical enrichment and the flat gradients in extended disks would be desirable.
Because of their extreme conditions (e.g. very low gas densities and long dynamical timescales), outer galaxy disks are sensitive probes of the mechanisms leading to the assembly of galactic disks and their evolution. The study of the metallicity of extended disks complements in a unique way the study of the star formation properties of outer galaxy disks based on UV, optical (Hα) and radio observations, by providing the insight into the evolutionary status of galactic systems represented by the buildup (and later mixing) of metals in the interstellar medium. Arguably the best way to measure metallicities of extended disks to large galactocentric radii beyond the nearest galaxies in the foreseeable future is by optical spectroscopy of the very faint H II regions found associated with young stellar clusters.
There are several questions that are left unanswered regarding the chemical composition and evolution of extended disks, that will be addressed by ongoing and future work. For example, do all galaxies with an extended disk where metallicities can be derived from H II region emission lines behave like NGC 1512 and NGC 3621, with an abrupt flattening of the abundance gradient roughly at the isophotal radius? Is the ratio between outer and inner metallicities approximately universal? Does it change with galaxy mass? Do the chemical properties of outer disks depend on galaxy properties, such as mass and environment? Are there parallels in the chemical mixing properties between extended disks and low surface brightness galaxies? What is the metal distribution in the outer disks of 'rejuvenated' early-type galaxies? APPENDIX H II REGION DATA In this Appendix we present tables containing the celestial coordinates, the galactocentric distances, line fluxes and extinction coefficients for the H II regions observed in NGC 1512 (Table 5 ) and NGC 3621 (Table 6 ). TABLE 6TABLE 6 
